Schordan S, Grisk O, Schordan E, Miehe B, Rumpel E, Endlich K, Giebel J, Endlich N. OPN deficiency results in severe glomerulosclerosis in uninephrectomized mice. Am J Physiol Renal Physiol 304: F1458-F1470, 2013. First published April 3, 2013 doi:10.1152/ajprenal.00615.2012 expression has been reported to be elevated in experimental models of renal injury such as arterial hypertension or diabetic nephropathy finally leading to focal segmental glomerulosclerosis (FSGS). FSGS is characterized by glomerular matrix deposition and loss or damage of podocytes that represent the main constituents of the glomerular filtration barrier. To evaluate the role of OPN in the kidney we investigated WT and OPN knockout mice (OPN Ϫ/Ϫ ) without treatment, after uninephrectomy (UNX), as well as after UNX and desoxycorticosterone acetate (DOCA)-salt treatment with respect to urine parameters, glomerular morphology, and expression of podocyte markers. OPN Ϫ/Ϫ mice showed normal urine parameters while a thickening of the glomerular basement membrane was evident. Intriguingly, following UNX, OPN Ϫ/Ϫ mice exhibited prominent FSGS, proteinuria, and glomerular matrix deposition. Electron microscopy revealed bulgings of the glomerular basement membrane and occasionally an effacement of podocytes. After UNX and DOCA-salt treatment, severe glomerular lesions as well as proteinuria and albuminuria were seen in WT and OPN Ϫ/Ϫ mice. Moreover, we found a reduction of specific markers such as Wilm's tumor-1, podocin, and synaptopodin in both experimental groups indicating a loss of podocytes. Podocyte damage was accompanied by increased number of Ki-67-positive cells in the parietal epithelium of Bowman's capsule. We conclude that OPN plays a crucial role in adaptation of podocytes following renal ablation and is renoprotective when glomerular mechanical load is increased. FSGS; nephrectomy; osteopontin; podocyte PODOCYTE INJURY IS THOUGHT to be a key event in the progression of glomerular diseases and progressive nephron loss (20 -21). Intact podocytes are characterized by foot processes that interdigitate by extracellular protein-protein interactions to form the slit diaphragm. Early events of glomerular damage are characterized by reorganization or loss of the unique foot process structure. These alterations occur independently of the underlying disease and result in an effacement of foot processes, development of proteinuria, and finally focal segmental glomerulosclerosis (FSGS). The extent of podocyte impairment strictly correlates with defined stages of glomerular damage ranging from transient proteinuria to progressive decline of renal function (50). Podocytes withstand intraglomerular pressure within the glomerular tuft. However, chronically increased mechanical load due to glomerular hyperfiltration and glomerular hypertension as it occurs in response to nephron loss, arterial hypertension, or diabetes mellitus results in irreversible glomerular damage including podocyte damage (21, 48).
PODOCYTE INJURY IS THOUGHT to be a key event in the progression of glomerular diseases and progressive nephron loss (20 -21) . Intact podocytes are characterized by foot processes that interdigitate by extracellular protein-protein interactions to form the slit diaphragm. Early events of glomerular damage are characterized by reorganization or loss of the unique foot process structure. These alterations occur independently of the underlying disease and result in an effacement of foot processes, development of proteinuria, and finally focal segmental glomerulosclerosis (FSGS). The extent of podocyte impairment strictly correlates with defined stages of glomerular damage ranging from transient proteinuria to progressive decline of renal function (50) . Podocytes withstand intraglomerular pressure within the glomerular tuft. However, chronically increased mechanical load due to glomerular hyperfiltration and glomerular hypertension as it occurs in response to nephron loss, arterial hypertension, or diabetes mellitus results in irreversible glomerular damage including podocyte damage (21, 48) .
Cultured podocytes exposed to mechanical stress showed morphologic and functional alterations that include cytoskeletal rearrangement, changes in cell cycle-regulating protein, growth factor and receptor expression, as well as ion channel function (4 -5, 9, 22, 29, 37) . Gene expression data suggest that upregulation of osteopontin (OPN) is a key event in podocytes responding to mechanical stress (5) . OPN is a multifunctional extracellular glycoprotein secreted by a variety of cells, such as vascular smooth muscle cells, lymphocytes, macrophages, and epithelial cells. An important role of OPN in cell adhesion and migration as well as chemoattractant and proinflammatory properties are well established (14) . In the normal kidney, OPN is predominantly localized to cells of the tubule system while its physiological function still has to be elucidated. OPN expression is induced in several models of tubulointerstitial disease including angiotensin II-induced hypertensive nephrosclerosis (51) . Moreover, glomerular OPN has been identified as a marker of injury in FSGS (45) and diabetic nephropathy (26, 47) . These observations led to the hypothesis that OPN upregulation is involved in the development of kidney damage (16) . On the other hand, exogenous and endogenous OPNs were shown to enhance and accelerate the ability of cultured podocytes to resist mechanical forces by inducing profound alterations of the actin cytoskeleton (5, 42) . OPN expression increased in podocytes of rats and mice treated with desoxycorticosterone acetate (DOCA) and high salt to induce elevated glomerular capillary pressure finally leading to FSGS (14, 18) . Furthermore, OPN exhibits renoprotective properties by decreasing nitric oxide (NO) synthesis and reducing cell peroxide levels (12, 33, 51) . Taken together, the role of OPN in the kidney remains controversial and possibly depends on the respective pathological process.
The present study aims at evaluating the role of OPN in the normal kidney as well as under pathologic conditions with focus on glomerular podocytes. Therefore, we investigated the glomerular morphology, the urine parameters and the expression of podocyte markers in WT and OPN knockout (OPN Ϫ/Ϫ ) mice without treatment, after uninephrectomy (UNX), as well as after UNX and DOCA/salt treatment to induce high capillary pressure.
MATERIALS AND METHODS
Animals and animal procedures. Mice used in this study aged 12 wk and had a mixed background of 75% C57BL/6 and 25% 129/Sv. Male C57BL6/129Sv and C57BL6/129Sv OPN Ϫ/Ϫ mice (kindly provided by Dr. S. Jander, Düsseldorf, Germany) were originally derived from heterozygous littermates and were bred later as separate colonies. The OPN Ϫ/Ϫ mice were from the original strain generated by Denhardt and colleagues (39) . Mice were housed in a room with controlled temperature (21°C) and humidity (60%) and exposed to a 12-h dark/-light cycle, with free access to standard food (NM Extrudat; Sssniff, Soest, Germany). All procedures in animals were performed in accordance with national animal protection guidelines that conform with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the local governmental authorities.
DOCA-salt induced hypertension. Seventeen male mice of each strain were subjected to left UNX. Animals were anesthetized with methohexital 50 mg/kg ip. The left flank was shaved and desinfected. When a stable plane of anesthesia was achieved, the left kidney was approached via a flank incision. The left renal artery and vein were ligated with 6 -0 silk, the kidney was excised, and the wound was closed in layers. This surgery lasted 10 -15 min. After 2 wk of recovery, 21-day-release pellets containing 50 mg DOCA (Innovative Research of America, Sarasota, FA) were implanted subcutaneously in the right flank in eight mice of each strain. A second pellet was implanted subcutaneously 21 days later at the back of the neck. Beginning with the first day of DOCA treatment, these animals were given distilled water containing 0.9% NaCl ad libitum as drinking fluid and are named WT (U/D) and OPN Ϫ/Ϫ (U/D) in the following sections. Control mice of both strains were subjected to UNX and respective sham surgery instead of DOCA-pellet implantation. They were given distilled water to drink and are named WT (U) and OPN Ϫ/Ϫ (U), respectively. After 6 wk of treatment, the mice were put into metabolic cages, and urine was collected for 48 h for measurement of protein [n ϭ 8 for WT (U) and OPN Ϫ/Ϫ (U); n ϭ 7 for WT (U/D) and OPN Ϫ/Ϫ (U/D)] and determination of albumin [n ϭ 4 for WT (U) and OPN Ϫ/Ϫ (U); n ϭ 6 for WT (U/D) and OPN Ϫ/Ϫ (U/D)]. Total urinary protein concentration was determined with urinary dip sticks (Multistix 8 SG; Bayer Diagnostics). The concentration of urinary albumin was measured by an EIA kit (CellTrend, Luckenwalde, Germany). For determination of plasma creatinine, blood samples were collected from anesthetized (diethylether) animals by puncture of the retro-orbital plexus using heparinized capillaries. Plasma samples were stored at Ϫ20°C. Creatinine levels were determined with the Creatinine liquicolor kit (Human Biochimica and Diagnostika, Wiesbaden, Germany) according to the manufacturer's protocol.
Tissue collection and preparation. Animals were killed by exsanguination under deep anesthesia, and kidneys and hearts were weighed. Kidneys were cut into two pieces that were immediately frozen in liquid nitrogen or rapidly homogenized in TRIzol and processed for total RNA extraction (Sigma, Deisenhofen, Germany) according to the manufacturer's protocol. For renal histology, kidneys were fixed by whole body perfusion through the left ventricle as described previously (11) . The right atrium was cut immediately after start of perfusion to allow outflow of the fluid. The fixative solution (38) was composed of 3% paraformaldehyde, 0.01% glutaraldehyde, and 0.5% picric acid in a 3:2 mixture of 0.1 M cacodylate buffer (pH 7.4) and 4% hydroxyethyl starch in saline (HAES steril TM; Fresenius). Perfusion was for 3 min, and kidneys were removed after an additional perfusion with 0.1 M cacodylate buffer (2 min, pH 7.4).
Renal histology. Samples were cut from perfused kidneys and embedded in paraffin. Sections (4 m) were cut and stained with periodic acid-Schiff's reagent (PAS) or Masson's trichrome reagent. For determination of size we selected between 45 and 60 glomeruli (per mouse, n ϭ 3) that had been sectioned through the vascular pole and the proximal tubule. Three diameters (separated by 60°angle) were measured per glomerulus. The severity of glomerulosclerosis was quantified on PAS-stained sections by a score of 0 to III. Score 0 indicated normal glomerulus morphology, score I mesangial expansion or sclerosis involving up to 25% of the glomerular tuft, score II indicated sclerosis of 25-75%, and score III sclerosis over 75% or global extracapillary fibrosis or complete collapse of the glomerular tuft. In addition, glomeruli were classified for their localization (n ϭ 6). The outer two layers of glomeruli were defined as subcapsulary and the others were midcortical. Total amount of glomeruli in each section was considered 100%.
Transmission electron microscopy. For electron microscopy, thin slices were excised from the right kidney and fixed with 3% glutaraldehyde in PBS buffer overnight. Specimens were postfixed in 1% OsO4 (2 h), dehydrated, and embedded into Araldit (Fluka, Buchs, Switzerland) by standard procedures as described previously (41) . Ultrathin sections of 90 nm thickness were cut with an ultramicrotome (Ultracut E; Leica Microsystems) using a diamond knife, collected on copper grids, and stained with uranyl acetate and lead citrate. Examination was done with a transmission electron microscope (Zeiss 906). Thickness of the glomerular basement membrane (GBM) was determined by the orthogonal intercept method (17) in 20 randomized fields on replica images (magnification: ϫ8,000). Briefly, the orthogonal thickness is the linear distance perpendicular from the basal surface of the endothelium to the adjacent epithelium. About 20 measurements were performed arbitrary per glomerulus.
Immunohistochemistry. ED-1 detection was carried out on paraffin sections (4 m) using a kit (Vectastain, Burlingham, CA). In detail, endogenous peroxidase activity was blocked prior to immunohistochemistry by incubation in 3% H 2O2 for 5 min. Sections were subjected to heat antigen retrieval (microwave oven, 700 W, 9 min) using 10 mM citrate buffer (pH 6.0). Blocking (Blocking Kit SP-2001) for 20 min was followed by incubation with anti-ED-1 antibody (1:100; Acris, Hiddenhausen, Germany) for 1 h followed by secondary antibody (Vectastain Kit) for 30 min. Slides were subjected to streptavidin-peroxidase reagent for 30 min. Visualization was performed with DAB substrate kit (SK-4100; Vector Laboratories) followed by nuclear staining with hematoxylin and mounting in Eukitt (Fluka). In controls, PBS was used instead of primary antibody. ED-1-positive cells were counted in 20 randomized fields at a magnification of ϫ200 expressed as cells per milliliters squared. Photographs were taken on an Olympus Bx 50 microscope equipped with an Olympus DP 10 digital camera.
Immunoflorescence. Immunofluorescence was done on cryosections (5 m, fixed with 2% paraformaldehyde, 10 min) or deparaffinized sections, washed in PBS, and incubated in blocking solution (1 h, room temperature, humid chamber). The following antibodies were used: collagen I (AbD Serotec, Düsseldorf, Germany), collagen IV (Acris), Wilm's tumor-1 (WT-1; Santa Cruz, Heidelberg, Germany), podocin (Sigma), synaptopodin (Progen, Heidelberg, Germany), Ki-67 (Sigma), receptor-interacting protein 1 (Rip1; Santa Cruz Biotechnology; Ref. 25) , caspase-3 (Casp-3; Abcam, Cambridge, UK; Ref. 7) , and LC3 (Sigma; Ref. 13 ). Antigen-antibody complexes were visualized with Cy3-conjugated secondary antibodies (Dianova, Hamburg, Germany). F-actin was stained using Alexa 488-phalloidin (Molecular Probes, Eugene, OR). Specimens were viewed with a standard fluorescence microscope equipped with Openlab software (Improvision, Coventry, UK) for image acquisition. Intraglomerular WT-1-and Ki-67-positive cells were counted in ϳ50 glomeruli and expressed as cells per glomerular cross section. For collagen I, collagen IV, podocin, and synaptopodin, staining intensities were quantified using SigmaScanPro (Jandel Scientific, Erkrath, Germany) in 10 randomized fields per kidney section. For collagen I, the average intensity of the positive areas was expressed as intensity of interstitial staining. For collagen IV, the intensity of parietal basement membrane or tubular basement membrane was measured and set as 100 for OPN Ϫ/Ϫ (U/D) mice. For podocin and synaptopodin, the intensity of the staining was measured in glomeruli and set to 100 for WT (U) mice.
RT-PCR. Reverse transcription was performed with 15 g denatured RNA (TRIzol reagent). Expression of collagen I, WT-1, podocin, synaptopodin, and GAPDH (control) was analyzed in the presence of the following sense and antisense primers: collagen I: sense 5=-CAC CCT CAA GAG CCT GAG TC-3=, antisense 5=-GTT CGG GCT GAT GTA CCA GT-3=; WT-1: sense 5=-AGG TTT TCT CGC TCA GAC CA-3=, antisense 5=-GCT GAA GGG CTT TTC ACT TG-3=; podocin: sense 5=-GTG TCC AAA GCC ATC CAG TT-3=, antisense 5=-GTC TTT GTG CCT CAG CTT CC-3=; synaptopodin: sense 5=-GCT CAT TGA CAT GCA GCC TA-3=, antisense 5=-GCC TTC TCT CCA AAC TGT CG-3=; GAPDH: sense 5=-ACC CAG AAG ACT GTG GAT GG-3=, antisense 5=-CAC ATT GGG GGT AGG AAC AC-3=.
Real-time PCR (Light Cycler; Roche Diagnostics, Mannheim, Germany) was done using the Platinium SYBR Green qPCR SuperMix-UDG kit (Invitrogen, Heidelberg, Germany) with the following runs: 95°C for 10 min followed by 45 cycles at 95°C, 10 s, 60°C, 5 s, and 72°C, 12 s. Relative expression was normalized using GAPDH.
Statistical analysis. All values are expressed as means Ϯ SE. Statistical comparisons were performed by Student's t-test or two-way ANOVA followed by the Student-Newman-Keul's test for multiple comparisons. P Յ 0.05 was considered statistically significant.
RESULTS

OPN
Ϫ/Ϫ mice did not develop proteinuria but showed thickening of the GBM and a mild effacement of podocyte foot processes. Morphological and physiological parameters were compared to clarify whether OPN deficiency induces glomerular damage (as indicated by proteinuria) and morphological alterations of glomeruli. No significant differences were found in body, heart, and kidney weight (Table 1) Values are means Ϯ SE. WT, wild type; OPN, osteopontin; (U), animals given distilled water to drink; (U/D), animals given distilled water containing 0.9% NaCl ad libitum to drink. *P Ͻ 0.05 
Ϫ/Ϫ mice developed kidney damage after UNX. UNX and DOCA-salt treatment are well known to induce renal hypertrophy and glomerular hypertension finally resulting in FSGS and interstitial fibrosis. OPN Ϫ/Ϫ (U) mice showed no differences in body weight compared with WT (U) mice (Table  1) . However, kidney weight (1.06 Ϯ 0.09 vs. 0.91 Ϯ 0.11 g/100 g body wt) and heart weight (0.66 Ϯ 0.04 vs. 0.59 Ϯ 0.01 g/100 g body wt) were significantly increased in OPN Ϫ/Ϫ (U) mice compared with WT (U) mice (Table 1) FSGS, at least 80 glomeruli per animal (n ϭ 3) were evaluated and classified into four groups reflecting different phenotypes (ranging from a normal phenotype with score 0 to a severe phenotype, score III; Fig. 3A ). FSGS scores in WT and OPN Ϫ/Ϫ mice were similar as ϳ80% of glomeruli were score 0, ϳ15% were score I, while ϳ5% showed score II and III (Fig. 3B) . Strikingly, OPN Ϫ/Ϫ (U) mice developed severe sclerosis as 12% of glomeruli showed sclerosis score II and 11% score III. In contrast, in WT (U) mice only 0.6% of glomeruli displayed score II and 0.4% score III, respectively (Fig. 3C) . DOCA-salt treatment aggravated sclerosis in both animal groups. However, no differences between both groups were detectable (Fig. 3C) .
Furthermore, we have determined the sclerosis score in relation to the localization of the glomeruli (subcapsular and midcortical) in the renal cortex. As depicted in Fig. 3, D-G 
Ultrastructural changes in podocytes and GBM occurred in OPN
Ϫ/Ϫ mice after UNX. Since our results indicate that UNX of OPN Ϫ/Ϫ mice had the greatest influence on the development of FSGS, we investigated the glomerular ultrastructure in both strains after UNX by electron microscopy (Fig. 4) . After UNX we noticed an increase in thickness of the GBM in OPN Ϫ/Ϫ (U) compared with WT (U) animals (Fig. 4, A and B) . Moreover, in the OPN Ϫ/Ϫ (U) mice, a prominent and bulging thickening of the GBM was seen (Fig. 4B) . Above all, in OPN Ϫ/Ϫ (U) mice podocytes were characterized by a mild to severe effacement of foot processes and development of microvilli-like processes (diameter: Ͻ0.1 m) protruding into the urinary space (Fig. 4B) . Quantitative analysis indicated a significant increase of GBM thickness in OPN Ϫ/Ϫ (U) mice (mean diameter: 0.79 m; n ϭ 3) by about fourfold compared with WT (U) mice (mean diameter: 0.200 m; n ϭ 3; Fig. 4C ). It is noteworthy that GBM thickness was significantly increased in OPN Ϫ/Ϫ (U) compared with OPN Ϫ/Ϫ mice (mean thickness: 0.314 m; n ϭ 3). Otherwise, GBM thickness was not significantly increased when comparing WT (U) with WT mice (see Fig. 1 ).
After DOCA-salt treatment, collagen I expression was elevated in the interstitium while collagen IV expression was elevated in the parietal basement membrane. To study fibrotic changes, paraffin sections were stained with Masson's trichrome reagent, which stains the collagen fibrils in bright blue. As expected, we found different degrees of collagen deposition in glomeruli (indicating different stages of FSGS) and interstitium (indicating interstitial fibrosis) (Fig. 5, A-D) . In addition, we assessed the collagen subtypes by immunofluorescence for collagen I (strongly expressed in fibrotic tissue) and collagen IV (specific for basement membranes). In WT (U) mice, no remarkable 
Glomeruli of WT (U) mice showed regular foot processes and a regular GBM with very mild bulgings (A). In the OPN
Ϫ/Ϫ (U) mice the GBM was thickened. Moreover, the GBM showed bulgings (arrows) and podocytes displayed a mild to severe effacement of foot processes. Occasionally, slender processes were evident (diameter Ͻ0.1 m) that protrude into the urinary space (B, star). Scale bar ϭ 1 m. Quantitative analysis of GBM revealed an increased thickness in the OPN Ϫ/Ϫ (U) compared with WT (U) mice (C; *P Ͻ 0.05).
collagen I deposits were found, while collagen IV was exclusively localized to the basement membranes (Fig. 5A) . However, collagen I fibrils were detected in the interstitial renal tissue of OPN Ϫ/Ϫ (U) mice (Fig. 5B) . Compared with WT (U) mice, intensive staining for collagen IV appeared especially in basement membranes of the parietal epithelial and tubule cells (Fig. 5B) . Moreover, DOCA-salt remarkably increased the deposition of collagen I in the interstitium of WT (U/D) mice and even more of OPN Ϫ/Ϫ (U/D) mice (Fig. 5, C and D) .
Quantitative analysis revealed that fluorescence intensity for collagen I was significantly elevated in OPN Ϫ/Ϫ (U) (Fig.  5F ). In the tubular basement membranes, however, collagen IV fluorescence intensity increased in OPN Ϫ/Ϫ mice (U) compared with WT (U) mice. In WT (U/D) mice, fluorescence intensity was higher compared with WT (U) mice. Otherwise no differences were found when comparing OPN Ϫ/Ϫ (U/D) with OPN Ϫ/Ϫ (U) mice (Fig. 5G ).
UNX and DOCA-salt treatment affected the number of podocytes and the expression of specific proteins in WT and OPN
Ϫ/Ϫ mice. The influence of UNX and DOCA-salt treatment on the expression levels of podocyte specific proteins like synaptopodin and podocin was studied by immunofluorescence and RT-PCR. Further, to identify whether UNX and DOCAsalt induces loss of podocytes, we performed immunostaining for WT-1 (Fig. 6) . Quantification of podocyte number revealed a significant decrease per glomerulus in OPN Ϫ/Ϫ (U) compared with WT (U) and WT (U/D) mice compared with WT (U) mice. Accordingly, WT-1 mRNA expression was decreased in the kidney of the respective animals (Fig. 6A) . Furthermore, we have found that fluorescence intensity as well as mRNA expression of the actin binding protein synaptopodin and the slit diaphragm protein podocin were decreased in OPN Ϫ/Ϫ (U), OPN Ϫ/Ϫ (U/D), and WT (U/D) mice (Fig. 6, B and C) . It is noteworthy that the expression of these markers was not different in animals that were not uninephrectomized (data not shown).
Actin expression is decreased in glomerular cells of OPN
Ϫ/Ϫ mice after UNX. Expression of F-actin was studied by the use of phalloidin. F-actin is known to be strongly expressed in podocyte foot processes and important to maintain their proper architecture. After UNX we observed a strong decrease in the expression of F-actin in OPN Ϫ/Ϫ (U) mice, exclusively. Surprisingly, the treatment with DOCA-salt did not led neither to a continuous decrease in F-actin expression in OPN Ϫ/Ϫ (U/D) nor to a reduction in WT (U/D) mice (Fig. 7A) .
WT (U)
UNX and DOCA-salt treatment induced proliferation of parietal epithelial cells. Recent findings suggest that specific cell types in the glomerulus are a type of progenitor cells that are able to replenish lost podocytes (unable to proliferate in adult kidneys; Ref. 1). Therefore, we stained for Ki-67 to identify cells in the S 2 phase of the cell cycle. We have observed that the number of proliferative cells in glomeruli of OPN Ϫ/Ϫ (U) mice was significantly higher compared with WT (U) mice. After DOCA-salt treatment, the number of proliferating cells increased in both groups (Fig. 7B) . Interestingly, Ki-67-positive cells were mainly found in the parietal epithelium of the Bowman's capsule possibly representing parietal epithelial cells.
Podocytes expressed the autophagy marker LC3 after UNX and DOCA treatment. To identify underlying processes that lead to glomerular cell loss, we investigated the expression of Rip1 (marker for necroptosis), Casp-3 (marker for apoptosis), and LC3 (marker for autophagy). There was no immunoreactivity for Rip1 and Casp-3 in any of the experimental groups. In contrast, LC3 was found in podocytes of WT (U/D) and OPN Ϫ/Ϫ (U/D) mice as shown by double staining with nephrin (Fig. 8) . Number of macrophages increased in the interstitium of WT after UNX and DOCA treatment. It is well known that OPN may induce inflammatory processes via recruitment of macrophages/monocytes (10) . To assess whether this happens after UNX and DOCA-salt treatment, we identified macrophages with a specific antibody against ED-1. In WT (U) mice we found only a few interstitial macrophages but the number increased fivefold after DOCA-salt treatment indicating an inflammatory process in WT (U/D) mice. On the contrary, the number of macrophages was significantly lower in OPN Ϫ/Ϫ (U) mice compared with WT (U) mice and increased after DOCA-salt treatment in OPN Ϫ/Ϫ (U/D) mice, however, to a lower extent compared with WT (U/D) mice (Fig. 9) . It is important to point out that we have not found macrophages inside the glomerulus in this disease model.
DISCUSSION
OPN is an acidic glycoprotein with potent monocyte chemoattractant and adhesive properties (24, 43) . Although several reports showed the proinflammatory action in the kidney or other organs, e.g., the heart, OPN is also thought to exhibit renoprotective properties in humans as well as in many animal models of renal diseases (12, 33, 51) .
In the present study we examined the effect of OPN knockout per se as well as in combination with interventions increasing renal susceptibility to damage (UNX) or leading to overt renal damage (UNX/DOCA-salt; Refs. 14, 18) on glomerular morphology and function.
Untreated WT and OPN Ϫ/Ϫ mice did not show differences in glomerular size and the degree of sclerosis or degeneration. In contrast, the GBM of untreated OPN Ϫ/Ϫ mice was significantly thicker than in respective WT mice. Although this alteration had apparently no significant impact on glomerular filtration as suggested by similar amounts of daily renal protein excretion, it is crucial to note that podocytes require a regular GBM for proper glomerular filtration as well as GBM composition and architecture, which in turn depends on intact podocytes (35) . Thus moderate changes of GBM morphology could indicate impaired podocyte function (2, 28, 31) . This is supported by the intriguing observation that UNX per se, which is known to cause a rise in glomerular capillary pressure and size, induced a greater rise in glomerular diameter in OPN Ϫ/Ϫ vs. WT mice. Furthermore, proteinuria/albuminuria and glomeru- lar damage characterized by hypertrophy of glomeruli, bulgings of the GBM, and effacement of podocytes were more pronounced in OPN Ϫ/Ϫ (U) than in WT (U) controls. Likely, the increased glomerular damage observed in OPN Ϫ/Ϫ (U) is due to podocyte hypertrophy as previously shown in diabetic nephropathy and FSGS (23, 32) . Podocyte hypertrophy is initially adaptive and regarded as an attempt to cover the underlying GBM where neighboring cells have detached or undergone apoptosis (27) . The larger glomerular size in OPN Ϫ/Ϫ (U) mice compared with WT (U) suggests that in OPN knockout mice podocytes become maladaptive towards the increase of mechanical load and hypertrophy.
Increased glomerular susceptibility to mechanical stress could be due to a reduction of F-actin in podocytes of OPN Ϫ/Ϫ mice as observed in our study. This is in line with observations in cultured podocytes showing that OPN depletion results in cell loss after a mechanical challenge that could be rescued by OPN coating (42) . Consistently, upregulation of OPN in cultured podocytes occurs in response to mechanical stress and facilitates the reorganization of the actin cytoskeleton (5, 42) . Therefore, we assume a correlation between OPN expression and regulation of the actin cytoskeleton as described for erythroblasts in which OPN deficiency causes defects in F-actin filaments (19) .
As UNX alone is not sufficient to induce significant renal damage in WT mice we treated both WT and OPN Ϫ/Ϫ mice with UNX and DOCA-salt, which is a well-characterized model to induce FSGS through elevation of glomerular capillary pressure in rats (30, 34) as well as in mice (18, 46) . The efficacy of this treatment was confirmed by the occurrence of renal damage including massive albuminuria and proteinuria and increased cardiac weight in both experimental groups. Interestingly, FSGS scores were equal in WT (U/D) and OPN Ϫ/Ϫ (U/D) mice.
Experimental models of glomerular hypertension, i.e., DOCAsalt treatment or the fawn-hooded rat, showed that podocyte damage is the underlying mechanism of glomerulosclerosis (20 -21) . Accordingly, we found a significant decrease of podocyte number per glomerulus in the WT (U/D) and OPN Ϫ/Ϫ (U/D) mice as evidenced by the loss of WT-1-positive cells. In the same way, the podocyte differentiation markers podocin, synaptopodin, as well as nephrin were decreased in both experimental groups. Since podocin is known to be essential to maintain an intact filtration barrier, downregulation will necessarily lead to glomerular permeability and morphological alterations with foot process effacement (40, 49) as shown by our electron microscopic studies.
As shown in previous studies, UNX and DOCA-salt-induced renal damage was characterized by deposition of collagen IV (15) in the basal membrane of Bowman's capsule and interstitial fibrosis (deposition of collagen I) that is most closely related to renal failure (30) . As collagen I deposition in OPN Ϫ/Ϫ (U/D) mice was as severe as in WT (U/D) mice, this indicates that hypertension-or mineralocorticoid-induced fibrosis is driven by other mediators rather than OPN.
We postulate a renoprotective function of OPN, which is supported by the observation that severe FSGS and interstitial fibrosis even occurred in OPN Ϫ/Ϫ (U) mice after UNX alone. Previously, it was shown that OPN Ϫ/Ϫ mice do not develop proteinuria and that OPN Ϫ/Ϫ mice were protected from diabetes-induced albuminuria (24) . On the contrary, in diabetic kidneys OPN has been shown to be responsible for the development of interstitial fibrosis (30) . Similarly, in OPN Ϫ/Ϫ mice acute renal failure resulted in a decreased interstitial collagen I deposition compared with the controls (36) . These findings suggest different underlying mechanisms in the development of fibrosis dependent on the primary disease (e.g., diabetic nephropathy and arterial hypertension; Ref. 6) .
Collagen IV accumulation in sclerotic glomeruli is a consequence of podocyte damage or loss and GBM disorganization. While the initiation of FSGS is attributed to podocytes and endothelial cells, mesangial cells mainly seem to contribute to progression (8) . At least glomerular sclerotic degeneration is characterized by different stages of podocyte damage. Severe injury, for instance, may result in foot process effacement and may spread from adjacent injured podocytes. If depletion is Ͻ20%, reintegration of podocytes is possible by repair mechanisms (3). On the other hand, loss of podocytes as determined by reduced expression of WT-1, podocin, and synaptopodin in our OPN Ϫ/Ϫ (U), WT (U/D), and OPN Ϫ/Ϫ (U/D) mice resulted in proteinuria and albuminuria as well as FSGS. This is in agreement with the well-known correlation between podocyte number/function and glomerular scarring (44) .
It is established that OPN is involved in inflammatory processes via recruitment of macrophages/monocytes as shown in the rat dermis (10) . In the rat kidney, previous studies indicated chemoattractant properties of OPN as it is expressed in chronic hypertensive glomerulosclerosis and associated with glomerular macrophage infiltration (14) . Interestingly, in our model macrophages as identified by ED-1 staining were exclusively seen in the interstitium. Although their number decreased in OPN Ϫ/Ϫ (U) and OPN Ϫ/Ϫ (U/D) mice compared with WT (U/D), the absolute amount of macrophages was low compared with previous investigations on acute renal failure (36) . Very strikingly, we did not find ED-1 staining in glomeruli even of WT (U/D) mice. Therefore, it seems that OPN exhibits no proinflammatory properties in DOCA-salt induced glomerulosclerosis in mice.
Taken together, our findings suggest that OPN is required to prevent early damage of podocytes rather than promoting glomerulosclerosis or recruitment of macrophages. Consistently, OPN seems essential for the regular function of podocytes and maintenance of the regular filtration barrier reflecting its physiological role in the healthy kidney.
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